The influence of film morphology on the broadening of the time-of-flight transient photo-current pulse is investigated using Monte Carlo simulation. Simulation of the time-of-flight transient photo-current pulse shape is carried out for homogeneous and inhomogeneous organic thin films by varying the overall energetic disorder. In homogeneous system, the value of the tail broadening parameter (W) of the photocurrent pulse is found to decrease upon decreasing the energetic disorder, which can be attributed to the variation in the non-thermal field assisted diffusion. Interestingly, in the case of inhomogeneous system, upon decreasing the overall energetic disorder of the system the value of W initially attains a maximum value before it starts decreasing. This observation is explained in terms of the morphology dependent carrier diffusion. This study asserts the importance of the influence of the morphology dependent carrier diffusion on the charge transport in disordered systems and the related experimental measurements.
Introduction
Extensive investigations on charge transport in disordered organic materials unambiguously establish the hopping charge transport in these materials resulting in low charge carrier mobility [1] [2] [3] [4] [5] . The common practice for experimental/theoretical investigation of charge transport in such materials is to study the dependence of charge carrier mobility on various parameters such as electric field, temperature, concentration of dopants, concentration of carriers, film morphology etc. [1] [2] [3] [4] [5] [6] [7] [8] [9] . Numerous experimental techniques have been adopted for measuring carrier mobility out of which time of flight transient photoconductivity (TOF) experiment is quite common and is being actively pursued [1] [2] [3] [4] . Main reasons for the wider acclaim of TOF experiment are (i) it is simple to perform (ii) the experimental results are independent of electrical contacts used and (iii) it can provide electron and hole mobility separately. In TOF experiment displacement current due to a thin sheet of charge carriers generated (either by short laser pulse [1] [2] [3] [4] or by electron beam [10, 11] ) at the surface of a thick organic layer, sandwiched between two metal electrodes, under a known applied potential is recorded. A typical non-dispersive TOF current pulse consists of an initial spike, a plateau of variable duration where the current/carrier drift velocity remains almost constant and long tail which suggests the spreading of carrier packet [1] [2] [3] [4] . Knowing the thickness of the sample, the applied potential and inferring the transit time of sheet of carriers across the sample from the recorded current pulse, carrier mobility can be calculated [1] [2] [3] [4] . By convention the transit time is taken as the time at the point of intersection of tangents drawn on to the plateau and the falling tail part of the current pulse (t 0 ) or the time at which the current has reduced to half of the value at the plateau region (t 1/2 ) [1] [2] [3] [4] . In some cases where a clear plateau is not observed, TOF current pulse on a double logarithmic scale is considered for extracting the transit time as mentioned above [1] [2] [3] [4] . Even though prime importance of the TOF experiment is to measure the carrier mobility, it also carries information related to the trap states, density of states (DOS), diffusion co-efficient and recombination processes [12] [13] [14] [15] [16] . The extracted parameters and the proposed models are highly sensitive to the shape of the current pulse [12] [13] [14] [15] [16] . Any change in the experimental parameters/nature of the sample that affects the behavior of charge transport can significantly influence the shape of TOF current pulse [17] [18] [19] . Hence, a proper understanding of the various factors and mechanisms influencing the shape of TOF current pulse is important for extracting meaningful information about the material under study. One of the experimentally measurable parameters which characterizes the shape of TOF current pulse is the tail broadening parameter 'W' which is defined as W = (t 1/2 -t 0 )/t 1/2 [17, 18] . 'W'basically characterizes the tail of TOF current pulse and hence the shape of TOF current pulse. It is related to the carrier dispersion [17, 18] and hence its dependence on various parameters has been extensively investigated to understand the disorder induced anomalous broadening of tail of TOF current pulse [17, 18] . These investigations have provided valuable information about the influence of various parameters on the shape of TOF current pulse, thereby leading to a deeper insight in to the mechanism of the charge carrier transport.
Film morphology is known to have significant effect on the carrier transport and hence the performance of the device made up of these materials [20] [21] [22] . Attempts are being made to tailor the film morphology for achieving better charge transport for fabricating efficient devices [20] [21] [22] . While tailoring the film morphology one incorporates more structural order in the otherwise highly disordered system for enhancing the charge carrier mobility. These morphologically tailored thin films are not homogeneous, not purely disordered or amorphous, rather they are partially ordered and hence inhomogeneous [20] [21] [22] . The charge transport in such systems occurs through a mixture of ordered and less ordered regions. In such systems, the energetic disorder seen by the carrier keeps fluctuating and hence, the influence of energetic disorder on charge transport [23, 24] becomes complex. How would this affect the shape of the TOF current pulse has not been reported so far? In this study, we investigate the influence of film morphology on the shape of TOF current pulses. The film morphology is varied by incorporating ordered regions in the disordered host with varying concentration. Thus, the influence of morphology on the shape of the TOF current pulse is investigated by studying the variation of 'W' with various concentrations of the ordered regions inside the host lattice. It is known from our earlier reports [25, 26] that the overall energetic disorder seen by the carriers decreases with increase in the concentration of ordered regions (COR) inside the highly disordered host lattice. Therefore, this study is also aimed at understanding the effect of the overall energetic disorder on an experimentally measurable quantity such as TOF current pulse. The value of 'W' is known to decrease with decrease of energetic disorder for homogeneous systems [18] . Hence, the value of 'W' is expected to decrease with increase of concentration of ordered regions as the overall energetic disorder seen by the carrier decreases [25, 26] . Contradictory to this expectation, we find that the value of W initially increases and reaches a maximum value with increase of concentration of ordered regions beyond which it starts decreasing with further increase in the concentration of the ordered regions. A plausible explanation for the intriguing observation is provided on the basis of morphology dependent carrier diffusion mechanism [27] .
Details of Simulation
The Monte Carlo simulation code, developed in house using FORTRAN, is based on the commonly used algorithm reported earlier [4, [25] [26] [27] . A 3D array with size 70 × 70 × 10000 along x, y and z directions is considered as the lattice. The size of the lattice is judged on the basis of our intention to change the lattice morphology and also by considering the available computational resources. The z direction is taken as the applied field direction. Periodic boundary condition is applied along x and y directions. The lattice constant a = 6 Å, a value close to the typical polymer intersite distance [4, 28] , is assumed for the entire simulation. Thus simulation is performed for a sample thickness of 6 μm along the applied field direction. For homogeneous system (HS), the site energies in the lattice are assumed to be correlated and follow single Gaussian distribution [27] . The width of the Gaussian distribution is the measure of energetic disorder (σ). Mean energy of the distribution is taken to 5.1 eV, which is close to the value of HOMO level of typical conjugated organic materials. Simulation is performed on an energetically disordered lattice with the assumption that the hopping among the lattice sites is governed by MillerAbrahams (MA) equation [4] . MA equation for the jump rate (ν ij ) of the charge carrier from the site i to site j is given by,
where, ε i and ε j are the effective energies of the site i and j including the electrostatic energy, a is the intersite distance, ΔR ij = |R i − R j | is the distance between sites i and j, k is the Boltzmann constant, T is the temperature in Kelvin and 2γa is the wave function overlap parameter which controls the electronic exchange interaction between the sites. γ is the inverse localization radius, whose typical value for disordered organic materials is ∼10 8 cm −1 [4, 28] . Presence of positional disorder results in the local variation in the intersite distance and coupling among the transport molecules and hence the fluctuation in wave function overlap parameter [4] . In simulation this can be implemented by considering the site specific contribution as Γ ij = Γ i + Γ j = 2γa, where, Γ i and Γ j are the site specific contribution each taken randomly from Gaussian distribution with variance σ Γ = Σ 2 4 and Σ is the variance of Γ ij [4] . Throughout the simulation the positional disorder is neglected (Σ = 0) and the value of overlap parameter taken to be 2γa = 10, which is a realistic approximation for organic solids with weak intermolecular interaction [4, [25] [26] [27] [28] . Using MA equation hopping probability (Pij) of carrier from the present site i to any site j around within a cube of size 7 × 7 × 7 (343 sites) is first calculated. A random number u r from a uniform distribution is chosen to decide the site to which the carrier should jump because each site have a length in random number space based on the Pij.
In this study, single carrier based Monte Carlo simulation is employed, which is appropriate for very low carrier concentration where the influence of space charge effects [29, 30] can be neglected. Generally, TOF experiments are performed at very low carrier concentrations and hence, total charge generated (Q generated ) is much less than the stored charge (Q generated << 0.05 CV, where C is capacitance of the sample and V is the voltage applied across the sample) [18] ). This justifies the use of single carrier Monte Carlo simulation approach for simulating TOF current pulses. In the simulation, every independent carrier is injected randomly on to the first plane of the lattice, which is allowed to hop in the presence of applied electric field until it traverses the total sample length (6 μm). The results are averaged over a few thousand carriers with one lattice realization per carrier. Position of the carrier as a function of time is recorded by which TOF photocurrent pulse, for various values of energetic disorder, is calculated using I(t) = eN(t)(<x(t)>/t), where e is the electronic charge, <x(t)> and N(t) are the average position of carrier and the number of carriers contributing to the photocurrent at a time t respectively [31] . Throughout this study, mentioned otherwise, the simulation is carried for an applied electric field (E) = 6.4 × 10 5 V/cm and temperature (T) = 300 K. The value of E is a typical average field over which the field dependence of mobility follows a lnμ vs E 1/2 as predicted by Gaussian Disorder Model (GDM) [25, 26] .
For inhomogeneous system (IHS), the lattice morphology is varied by embedding cuboids of ordered regions randomly inside a highly disordered host lattice [25] [26] [27] . The size of ordered regions is also chosen randomly. The size of ordered regions is limited to a maximum size of 25 × 25 × 40 sites along x, y, and z directions respectively, if not mentioned otherwise. In the simulation, the average size of the ordered region can be decreased by decreasing the maximum size of cuboids which are inserted to obtain the required COR. The size of ordered region is chosen such that nanoscale morphology can be obtained by changing the COR. Energetic disorder inside the ordered region is assumed to be low compared to that in the host lattice. Such a highly disordered lattice with embedded ordered regions is justified because the organic/polymer films employed in practical devices are mostly morphologically tailored (either intentionally or because of ageing) and therefore contains regions of low and high disorder [20, 21] . The site energies inside the host lattice and ordered regions are assumed to be correlated and follow Gaussian distributions. Throughout the simulation, same mean energy of the DOS (5.1 eV) is assumed for the DOS of host lattice and ordered regions. This is to avoid any influence on charge transport due to the difference in mean energy of host lattice and ordered region. Energetic disorder for the host lattice is taken to be 75 meV, (a typical value of energetic disorder seen in the homogeneous disordered organic materials), and for the ordered regions is taken to be 15 meV (five times less compared to that for the host lattice). Reports have even suggested a ten-fold reduction of energetic disorder inside the polycrystalline regions [32] . Moreover, our earlier studies have shown that the value of energetic disorder inside the ordered region does not have remarkable influence at low values [25] .
TOF photocurrent pulses are simulated by varying COR as explained above. Simulations are also performed on a host lattice where the site energies of host lattice are randomly chosen from a narrow (σ = 15 meV) and broad Gaussian distribution (σ = 75 meV), which is the mixed distribution system. In the mixed distribution case, there are no regions of low disorder embedded deliberately. Instead there will be only sites of low disorder that are placed randomly, with the weight governed by the concentration, inside the highly disordered host lattice. Figure 1a and the inset therein show the simulated TOF current pulses for various values of energetic disorder in HS, at E = 6.4x10 5 V/cm and T = 300 K, in linear and double logarithmic scale respectively. Current pulses are normalized with respect to the respective values of current at the plateau region. All the simulated current pulses, in linear scale, exhibit an initial spike and a plateau region, with constant current, followed by a tail, which is an indication of carrier dispersion [17, 18] . The charge carrier transit time decreases (consequently mobility increases as evident from the inset of Figure 1b) with decrease in the value of energetic disorder [7, 17] . Using the extracted values of t 0 and t 1/2 the value of W is calculated, which is found to decrease upon decreasing the energetic disorder (Figure 1b) . In homogeneous system, diffusion co-efficient contains the contribution from the thermal and non-thermal field assisted diffusion. The observed variation in W with energetic disorder is due to the variation in the magnitude of non-thermal field assisted diffusion upon changing the energetic disorder. The non-thermal diffusion component is field and energetic disorder dependent and arises due to the wide difference in the jump rates of the carriers at the bottom and top of the DOS [33, 34] . Higher the energetic disorder higher is the contribution from the non-thermal diffusion [33, 34] and hence the higher carrier spreading. Thus, in the homogeneous system, the increase in the W with increase of energetic disorder can be attributed to the enhanced carrier diffusion (i.e. higher carrier spreading) along with the larger carrier transit time. Figure 2a and the inset therein show the simulated TOF current pulses for IHS with various values of COR, at E = 6.4 × 10 5 V/cm and T = 300 K, in linear and double logarithmic scale respectively. Similar to the HS, the TOF pulse in linear scale shows an initial spike and a plateau region, with constant current, followed by a tail. The decrease in the overall energetic disorder seen by the carrier upon increasing COR [25, 26] is evident from the corresponding increase (decrease) in the carrier mobility (transit time), see inset of Figure 2b . Therefore, one may naively expect a decrease in W with increase in COR, same as it happens in the HS when the energetic disorder is reduced. Contradictory to the expectation W increases with the increase in COR, as shown in Figure 2b . W attains a maximum value at ∼85% COR. Thereafter it decreases with further increase in COR. The maximum value of W at ∼85% COR is close to the value obtained for 90 meV energetic disorder in HS. This suggests that even though the effective energetic disorder is very low at 85% COR, there exist a remarkable carrier spreading (which is comparable to the carrier spreading in a highly disordered HS). An experimental evidence for the increase of W with increase in crystalline nature (i.e with decrease of energetic disorder) of the sample can be inferred from the TOF pulses obtained from pristine poly(3-hexylthiophene) with different regio-regularities [35] . Increase of film crystallinity along with decrease in overall energetic disorder [35] is equivalent to an increase in ordered regions inside a highly disordered host lattice. Hence, the broadening of TOF pulse with the increase of film crystallinity supports our simulation results.
Results and Discussions
The behavior of W upon changing COR can be attributed to the observed variation in carrier diffusion in IHS upon varying the COR [27] . In case of IHS, the diffusion gets enhanced due to the influence of morphology dependent diffusion (for calculation and the description of morphology dependent diffusion refer [27] ). Higher the rate of increase of the diffusion co-efficient, higher is the spreading in the carrier packet and hence a larger W. Thus, the increase in W upon increasing the COR can be attributed to the concomitant enhancement in the diffusion coefficient due to morphology dependent carrier diffusion. W attains the maximum value at ∼85% COR, the COR for which the rate of increase in diffusion co-efficient and the magnitude of diffusion is maximum [27] . With further increase in COR, W decreases with the concomitant decrease in the diffusion co-efficient. Moreover, as the COR increases the whole lattice is approaching towards a HS with low disorder, which also adds to the decrease of W. Thus, in IHS, the observed variation in W upon increasing COR can be explained on the basis of variation in the strength of the morphology dependent diffusion upon changing COR.
Film morphology, at any COR, can be varied by changing the size of ordered region [25] . TOF current pulses for various sizes of ordered regions, at COR = 50%, in IHS are simulated (current pulse not shown). Figure 3 shows the variation in W for various sizes of ordered regions. W is found to decrease upon decreasing the maximum size of ordered region. In our earlier report [27] , the morphology dependent diffusion was found to diminish upon decreasing the size of ordered regions. Hence, it is reasonable to argue that the value of W should decrease upon decreasing the maximum size of ordered regions in IHS. This observation establishes a clear connection between the unusual increase in the tail broadening of the TOF current pulses and the morphology dependent carrier diffusion.
Finally, we have investigated the variation in W in IHS upon changing the electric field strengths. Figure 4 , shows the variation in W upon changing the electric field strength in IHS at 50% COR. For comparison, the variation of W upon changing the electric field in HS with energetic disorder 75 meV (COR = 0%), 60 meV and 15 meV (COR = 100%) is also shown. Compared to pure host lattice (COR = 0%), the magnitude of W is higher in IHS for all the electric field strengths under study. The rate of increase of W with electric field strengths (∼>5 × 10 4 V/cm) is slightly higher in IHS, even though the effective energetic disorder of the lattice is much lower at COR = 50%. In case of HS, the rate of increase of W at higher electric field strengths (∼>10 5 V/cm) decreases with decrease in the energetic disorder [18] . Furthermore, in IHS W starts increasing with electric field at low electric field strengths (∼5 × 10 4 V/cm).
In case of HS, at higher values of energetic disorder the magnitude of W is known to decrease to a minima and then starts to increase upon increasing the electric field [18] , as shown in Figure 4 for σ = 75 meV. The increase in magnitude of W upon increasing the electric field strength is due to the nonthermal field assisted diffusion at higher electric field strengths. This deviation of diffusion becomes remarkable at higher electric field strengths and at higher values of energetic disorder [18] . An important feature is that the increase of W with electric field strength happens at higher electric field strengths as the energetic disorder decreases. This is because of the non-thermal field assisted diffusion becoming strong enough only for higher electric field strength as the energetic disorder is decreased. Thus, sufficient carrier spreading for an increase of W happens only at higher electric field strengths. At low energetic disorders (eg. σ = 15 meV in our study), the influence of non-thermal field assisted diffusion become very weak and hence the magnitude of W decreases upon increasing electric field strengths.
Investigation on HS shows that the rate of increase of W upon increasing the electric field strength decreases upon decreasing energetic disorder. Hence, compared to the pure host lattice (HS with σ = 75 meV), in IHS at COR = 50% the increase of W with electric field is expected to occur at higher electric field strength. In addition, a smaller rate of increase of W with electric field is also expected. The observations made from IHS are contradictory to these expectations, which can be attributed to the influence of morphology dependent diffusion on carrier spreading upon varying the electric field strengths. For a fixed COR, the enhancement of diffusion co-efficient due to morphology dependent carrier spreading is higher for higher electric field strengths (for the range of electric field under study) [27] . This can provide higher carrier diffusion and hence higher magnitude/higher rate of increase of W with electric field strengths in IHS. The influence of morphology dependent diffusion at lower electric field strengths explains the observed increase of W at lower electric field strengths (∼5 × 10 4 V/cm) in IHS. Hence, in addition to the mobility measurement and the extraction of transport parameters TOF experiment may also provide qualitative insight to the inhomogeneity present in the samples under study upon comparing the variation of W with applied electric field.
This study clearly shows the influence of film morphology on time of flight current pulse, which is explained on the basis of variation in morphology dependent carrier diffusion. This study emphasizes the need of considering morphology while modeling TOF current pulses for extracting materials parameters. In concise, an exclusive influence of morphology dependent diffusion on an experimental data is clearly exemplified and hence, this study highlights the need to consider morphology dependent diffusion while analyzing the various optoelectronic parameters of inhomogeneous organic thin films.
Conclusion
In conclusion, this study unambiguously shows the exclusive influence of morphology dependent carrier diffusion on TOF current pulse. It provides a strong evidence for considering morphology dependent carrier diffusion in the analysis of the various optoelectronic parameters of inhomogeneous organic thin films. In organic photonic devices, the active organic layers are mostly morphologically tailored and inhomogeneous. In such cases, the morphology dependent carrier diffusion can significantly influence the exciton diffusion, recombination, charge transport and various other processes. Hence, this study not only highlights the need to consider the film morphology while modeling the transient photocurrent pulses but also asserts the relevance of morphology dependent carrier diffusion in understanding the physics behind the organic photonic devices. 
